Lithium, an effective drug in the treatment of bipolar disorder, has been proposed to disrupt the Wnt signaling pathway. To facilitate analysis of the possible involvement of elements of the Wnt pathway in human bipolar disorder, a high resolution radiation hybrid mapping (RHM) of these genes was performed. A fine physical location has been obtained for Wnt 7A, frizzled 3, 4 and 5, dishevelled 1, 2 and 3, GSK3␤, axin, ␣-catenin, the Armadillo repeat-containing genes (␦-catenin and ARVCF), and a frizzled-like protein (frpHE) using the Stanford Human Genome Center (SHGC) G3 panel. Most of these genes were previously mapped by fluorescence in situ hybridization (FISH). Frizzled 4, axin and frpHE did not have a previous chromosomal assignment and were linked by RHM to chromosome markers, SHGC-35131 at 11q22.1, NIB1488 at 16p13.3 and D7S2919 at 7p15.2, respectively. Interestingly, some of these genes were found to map within potential regions underlying susceptibility to bipolar disorder and schizophrenia as well as disorders of neurodevelopmental origin. This alternative approach of establishing the precise location of selected genetic components of a candidate pathway and determining if they map within previously defined susceptibility loci should help to identify plausible candidate genes that warrant further analysis through association and mutational scanning.
Introduction
Klein and Melton 1 proposed that the activity of lithium in bipolar disorder may be due to inhibition of glycogen synthase kinase 3␤ (GSK3␤), an enzyme that antagonizes the Wingless or Wnt pathway signaling. They suggested further that lithium action via Wnt signaling may be more significant than its action on the inositol 1,4,5-trisphosphate pathway that is the focus of the inositol depletion hypothesis. 2 The Wnt pathway has been elaborated largely through studies on epidermal development in Drosophila and consists of secreted Wnt ligands which bind to a family of frizzled receptors that alter the activity of downstream targets: dishevelled, zeste-white 3/shaggy or GSK3␤ and Armadillo or ␤-catenin. 3 This highly conserved Wnt signaling pathway plays a major role during development and growth in multicellular organisms 4 and is essential to the development of the central nervous system. 5 The Wnt genes encode cysteine-rich extacellular signaling proteins of approximately 350-400 amino acids. Fifteen or more of the Wnt genes exist in mamCorrespondence: Dr AR Rhoads, Department of Biochemistry and Molecular Biology, Howard University, Washington, DC 20059, USA Received 20 November 1998; revised and accepted 29 January 1999 mals, and some Wnt genes (Wnt 1 and Wnt 3) have been found to function as oncogenes during virusinduced tumorigenesis. 6 A large family of transmembrane G-protein receptors or frizzled proteins appear to function as Wnt receptors. 7 Another signaling protein, dishevelled, is recruited to the plasma membrane in response to overexpression of frizzled and appears to function downstream of Wnt and frizzled 8 in the pathway. In addition to secreted Wnt proteins, a family of secreted frizzled-like proteins with homology to the cysteine-rich ligand-binding domain of the frizzled receptor family, but lacking the seven-transmembrane domains has also been identified. 9 Members of this family of frizzled-like proteins can have opposite effects on the apoptopic pathway and can modulate ␤-catenin levels by interfering with Wnt-frizzled signaling. 10 Interaction of Wnt family members with the cognate frizzled receptor causes inhibition of GSK3␤ via dishevelled promoting the stabilization of cytoplasmic ␤-catenin by preventing its phosphorylation by GSK3␤.
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The phosphorylated form of ␤-catenin is degraded more rapidly via the interaction with a cytoplasmic adenomatosis polyposis coli (APC) protein. 12 In this manner GSK3␤ antagonizes Wnt signaling by decreasing steady-state levels of ␤-catenin that can form bipartite transcriptional complexes with T cell factor (TCF) and lymphoid enhancer factor (LEF) leading to the acti-vation of genes associated with cell growth and proliferation. 13 Axin, an inhibitor of dorsoventral axis determination, binds directly to GSK3␤, catenin and APC, 14 and its binding correlates with inhibition of axial development. 15 Disturbances in development observed with lithium exposure appear to be due to lithium interaction with GSK3␤. 1 We have fine mapped genes of the Wnt pathway as an approach to identify new candidate genes for bipolar disorder. Identification of predisposing genes in complex diseases is difficult because of a number of reasons, among them are: (a) weak to moderate susceptibility genes may not be detectable by means of linkage analysis, 16 particularly when using inadequate sample size; 17 and (b) susceptibility regions are generally broad and recombinants may not be useful for narrowing down the region. 18 An alternative strategy involves association testing utilizing candidate genes because this has greater power to detect small effect genes, 'even if one needs to test every gene in the genome'. 16 In this study, we have used RHM to fine map potential candidate genes of the Wnt pathway to determine whether they map to previously proposed susceptibility regions for bipolar disorder and to facilitate future analysis of their possible association with the disease.
Materials and methods
The SHGC radiation hybrid whole genome G3 panel was purchased from Research Genetics (Huntsville, AL, USA) and pipetted into a standard 96-well plate. RHM was performed as described. 19 Primers (18-24 mers) were synthesized by Gene Probe Technology (Gaithersburg, MD, USA). The T m of primers ranged from 60 to 63°C, and the amplicons were 93-185 bp in length. PCR was performed in 1 × PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 and 0.001% gelatin (Sigma Chemical Co, St Louis, MO, USA), 110 M dNTP, 0.5 M primers, 10% sucrose, 0.2 M cresol red, 0.25 unit of Taq DNA polymerase and hamster-human hybrid DNA template in a total volume of 10 l. Hamster and human total genomic DNA were used as negative and positive controls, respectively. The PCR amplification was performed in a Gene-Amp System 9700 (Perkin-Elmer Corp, Norwalk, CT, USA) with an initial denaturation at 94°C for 5 min followed by 35-40 cycles of denaturation at 94°C for 30 s, annealing at 55°or 60°C for 30 s and extension at 72°C for 1 min. A final extension was at 72°C for 5 min. Electrophoresis was performed on 3% agarose containing a 3:1 mixture of NuSieve GTG:SeaKem GTG (FMC BioProducts, Rockland, ME, USA) in 40 mM Tris-HCl, 20 mM sodium acetate and 1 mM EDTA, pH 7.8 and 0.0001% ethidium bromide. RHM for each of the genes was performed in duplicate or triplicate. The data were submitted to the SHGC server (http://www.shgc. stanford.edu), and a two-point maximum likelihood analysis was obtained. Linkage to markers of the map framework ordered on the basis of X-ray breakage of chromosomes was determined by breakage frequency and its significance expressed as a likelihood estimate or LOD score. 20, 21 For genes without any prior mapping information, a LOD score of 6 or greater was required for reporting. For genes with a known chromosomal assignment, a threshold LOD score of 3 or greater was necessary. The cytogenetic band location of the linked marker was obtained from the Location Database (LDB) at the Wessex Human Genetic Institute, UK (http: //cedar.genetics.soton. ac.uk/public html/).
Results
Most of the genes in this study have only been approximately mapped by somatic cell hybrid or FISH. Fine mapping with a more precise localization was performed on human Wnt 7A, frizzled 3, 4 and 5, a frizzledlike protein (frpHE), dishevelled 1, 2 and 3, GSK3␤, axin, ␣ and ␦-catenin and ARVCF. In some cases no previous chromosome assignment (frizzled 4, axin, frpHE) was made. In most instances, primers used for the amplification were derived from the 3Ј-UTR of the mRNA sequence. Primers for frizzled 4 (Accession AA902950) were derived from the 5Ј-flanking sequence of the cDNA clone (residues 148-280) adjacent to a conserved frizzled region. The forward and reverse primers used for PCR amplification of these genes and the accession number of the corresponding mRNA sequences are indicated in Table 1. RHM and Wnt 7A indicated that the marker that best linked to this gene was SHGC-31086 located on chromosome 3p25.3 between loci D3S3610 and D3S1585 or 41 cR from D3S1585 (Table 2) . Wnt 7A was previously mapped to the 3p25 region by FISH. 22 For the frizzled receptors, frizzled 3 was linked to locus D7S2101E, on 7q11.21, frizzled 4 to marker SHGC-35131 at 11q22.1 and frizzled 5 to locus D2S325, at 2q34. Using an interspecific backcross mouse mapping panel and based on synteny, Wang et al 7 predicted that frizzled 5 and also frizzled 7 would map to 2q33-34, supporting the RHM assignment. The secreted, frizzled-related gene, frpHE, that is modulated during the endometrial cycle and malignant transformation and was previously unmapped, 23 was linked to locus D7S2919 which was located at 7p15.2.
Axin, an inhibitor of the Wnt pathway, was linked by RHM to the EST, NIB1488, at the telomeric end of the p-arm at 16p13.3. Only one other marker, D16S521, was located more proximal to the tip of the short arm of chromosome 16. NIB1488 was flanked by locus D16S3327, toward the centromere. Blast analysis of the cDNA of human axin revealed that it shared complete identity to cosmid clones 333B10 (Z81450) and to RT220 (AC004652) from the tip of the short arm of chromosome 16 in support of this assignment.
Dishevelled 1 was linked to D1S2565 located 29 cR from the telomeric end of the p-arm of chromosome 1p36.33, within the previously assigned region of 1p36 by FISH analysis. 24 Dishevelled 2 was previously linked to chromosome 17 by analysis of somatic cell hybrid panels and distal to Wnt3A and vestigial tail (vt) on mouse chromosome 11. 25 By RHM, dishevelled 2 was linked to the STS, SHGC-35547 on 17p13.1 between markers D17S938 and D17S786. The third gene, dishevelled 3, that is widely expressed in human tissues including brain was mapped earlier to 3q27. 24, 26 Dishevelled 3 was mapped by RHM to 3q21.3 between markers D3S1765 and D3S4136.
Since primers derived from the 3Ј-UTR of the mRNA for GSK3␤ were not selective for hamster genomic DNA, it was necessary to identify one of the intronexon boundaries and obtain the partial sequence of the intron for the design of selective primers. Using intronderived primers, GSK3␤ was linked by RHM to locus D3S3620 at 3q21.1. GSK3␤ was previously mapped to region 3q13.3-q21 by FISH. 27 Alpha-catenin was mapped to marker D5S500, at 5q31.1, and ␦-catenin to marker D5S478 at 5p15.2 located in the cri-du-chat region of 5p. The catenin-like gene, ARVCF, was linked to SHGC-2421 (locus D22S1138) at 22q11-12.
Discussion
Successful treatment in bipolar disorder with lithium and abnormalities in neurodevelopment induced by lithium may occur through perturbations in Wnt pathway signaling. Thus, establishing the fine location of genes encoding proteins of the Wnt pathway and determining if these genes map to chromosomal regions linked to bipolar susceptibility is an important aim. A precise assignment of the chromosomal position of these genes will facilitate further genetic analysis involving association testing to investigate the relation-ship between their polymorphism and disease as well as mutation scanning for disease-related variants.
Wnt 7A is closely linked to an STS located on 3p25. Edenberg et al 28 have found a modest increase in allele sharing in the 3p region of affected sib-pairs with bipolar disorder from 97 families of the NIMH Genetics Initiative. Thus Wnt 7A may be an interesting candidate gene for association. Wnt 7A is expressed in adult and fetal brain and in many other tissues. 22 Involvement of Wnt 7A in axonal remodeling and in increases in synapsin I levels in cerebellar neurons suggest that this protein may control synaptic remodeling which could result in changes in brain function such as mood disorders. 29 Frizzled 3 which is expressed in highest levels in adult brain 7 was previously shown to be located within the 2-Mb deletion region of chromosome band 7q11.23 that was associated with the developmental disorder, Williams syndrome (WS). 30 The deleted sequence within chromosome band, 7q11.23, encodes frizzled 3 that may contribute to the WS phenotype. 30 RHM indicated that frizzled 3 was most closely linked to a marker D7S2101E, at 7q11.21. This linked marker was located 40 cR from locus D7S672 that was more proximal to the telomeric end of chromosome 7q. Genes commonly deleted in Williams syndrome patients such as elastin and LIM kinase are found near D7S672. 31, 32 Interestingly, a potential susceptibility locus at 7q11 has recently been reported for schizophrenia. 33 This relates to an emerging phenomenon indicating a possible overlap of susceptibility regions for bipolar disorder and schizophrenia. [33] [34] [35] [36] [37] Pizzuti et al 24 mapped both dishevelled 1 and 3 to loci 1p36 and 3q27, respectively. RHM results agreed with the previous assignment of dishevelled 1, but dishevelled 3 was linked closer to the centromeric region of chromosome 3q21.3. This difference may be due to resolution, errors in map construction or possibly detection of homologous markers at different locations. Further mapping with other sequence tags may support the RHM assignment. Currently, there are no published reports implicating these regions in either bipolar disorder or schizophrenia. Both dishevelled genes are expressed in fetal and adult tissues that include brain, heart, skeletal muscle, kidney and lung. Charcot-MarieTooth types 2A and 2B map to chromosome 1p35-p36 and 3q13-q22, respectively, and both dishevelled 1 and 3 map within these respective regions as noted previously. 24 Mapping of ␦-catenin by RHM agreed with the previous assignment by WICGR with the linked marker, D5S478 at 5p15.2, being flanked by loci D5S2571 at a distance of 4 cR and D5S2586 at 16 cR. Kelsoe et al 38 reported that the region, 5p15.3 near the dopamine transporter may be a possible locus for bipolar disorder. The ␦-catenin gene is located within the cri-duchat region of chromosome 5. Clinical features of the cri-du-chat syndrome have been localized to 5p15.2 and 5p15.3 39 suggesting ␦-catenin as a candidate gene associated with this syndrome. In the case of ␣-catenin, RHM localized the gene to 5q31.1 within region 5q31 determined by Nollet et al 40 using FISH analysis. A possible susceptibility locus for schizophrenia has also been suggested for the 5q31 chromosomal region. 41, 42 Inhibition of GSK3␤ by lithium may be the mechanism by which lithium interferes with development in many organisms, and suppresses the overt symptoms of bipolar disorder. 1, 43 GSK3␤ was mapped to 3q21.1 about 200 cR away from the dishevelled 3 gene in a region that has yet to be linked to mental disorders. Interestingly, both lithium and insulin-like growth factor-1 have recently been shown to reduce the production of hyperphosphorylated tau protein by GSK3␤ in cultured neurons. 44, 45 Hyperphosphorylated tau is a primary component of paired helical filaments associated with Alzheimer's disease and may contribute to neuronal degeneration.
ARVCF was previously mapped to 22q11 by FISH and physical mapping. 46 RHM links ARVCF to locus D22S1138 between 22q11 and 22q12. Anomalies in Armadillo repeat-containing genes during development may lead to dysmorphism and psychiatric illness. ARVCF is deleted in velo-cardio-facial syndrome (VCFS) 46 and a possible locus near the VCFS deletion on chromosome 22 has been suggested for both bipolar disorder 47 and schizophrenia. 48, 49 The Armadillorepeat containing genes, ␤-and ␦-catenin, also show altered regional distribution in schizophrenia. 50 Axin which maps to 16p13.3 is within a region that showed weak linkage signals with bipolar disorder under a recessive model of inheritance 51 and increased allele sharing in another pedigree series. 28 Although not a comprehensive study of the genes associated with the Wnt pathway that includes numerous isoforms of Wnt and frizzled genes, the mapped genes are representative of the different components of the Wnt pathway. This approach of selecting candidate genes that may have relevance to bipolar disorder involves analysis of genes in pathways known to be perturbed by lithium. The Wnt signaling pathway may be more consequential than the inositol pathway in its response to lithium, 1 and to our knowledge, the genetic components of the Wnt pathway have not yet been investigated in bipolar disorder. Our initial focus lies in determining the fine physical map of selected genes through the use of a radiation hybrid panel. 21 High resolution mapping should provide vital information on whether the gene maps to a chromosomal region involved in susceptibility to bipolar disorder. If so, such a gene would be a priority candidate for association or mutational analysis.
